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Abstract 

Influenza A viruses are major pathogens in liumans and in animals, whose genome consists of eight single-stranded RNA 
segments of negative polarity. Viral mRNAs are synthesized by the viral RNA-dependent RNA polymerase in the nucleus of 
infected cells, in close association with the cellular transcriptional machinery. Two proteins essential for viral multiplication, 
the exportin NS2/NEP and the ion channel protein M2, are produced by splicing of the NSl and Ml mRNAs, respectively. 
Here we identify two human spliceosomal factors, RED and SMUl, that control the expression of NS2/NEP and are required 
for efficient viral multiplication. We provide several lines of evidence that in infected cells, the hetero-trimeric viral 
polymerase recruits a complex formed by RED and SMUl through interaction with its PB2 and PBl subunits. We 
demonstrate that the splicing of the NSl viral mRNA is specifically affected in cells depleted of RED or SMUl, leading to a 
decreased production of the spliced mRNA species NS2, and to a reduced NS2/NS1 protein ratio. In agreement with the 
exportin function of NS2, these defects impair the transport of newly synthesized viral ribonucleoproteins from the nucleus 
to the cytoplasm, and strongly reduce the production of infectious influenza virions. Overall, our results unravel a new 
mechanism of viral subversion of the cellular splicing machinery, by establishing that the human splicing factors RED and 
SMUl act jointly as key regulators of influenza virus gene expression. In addition, our data point to a central role of the viral 
RNA polymerase in coupling transcription and alternative splicing of the viral mRNAs. 
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Introduction 

Viruses are dependent on host cell functions for their 
replication. Unlike most viruses with an RNA genome, influenza 
A viruses repUcate in the nucleus of infected cells and some of the 
viral RNAs undergo splicing. Their genome consists of eight 
single-stranded RNA segments of negative polarity encoding ten 
major proteins and several auxiliary proteins. Each viral RNA 
(vRNA) segment is encapsidated with the nucleoprotein (NP) and 
associated with the heterotrimeric viral RNA-dependent RNA 
polymerase consisting of the PB 1 , PB2 and PA subunits, to form a 
viral ribonucleoprotein complex (vRNP). After viral entry by 
endocytosis, incoming vRNPs are released into the cytoplasm and 
then imported into the nucleus. The viral polymerase ensures the 
transcription of vRNAs into mRNAs, and their replication via the 
synthesis of fuU-length complementary RNAs (cRNAs) which in 
turn serve as templates for the synthesis of vRNAs. 

Although viral mRNAs harbour the 5' cap and 3' poly(A) tail 
structures characteristic of cellular mRNAs, their synthesis 
proceeds through very distinct mechanisms (for a review, see 



[1,2]). The initiation of transcription involves a cap-snatching 
mechanism by which the PB2 subunit of the viral polymerase 
binds to the 5' cap of cellular pre-mRNAs, the PA subunit ensures 
a cleavage 10-15 nucleotides downstream the cap, and the 
resulting short capped oligonucleotide is used by the PBl subunit 
as a primer for elongation, using a vRNA as a template. 
Termination and polyadenylation occur at a stretch of five to 
seven U residues close to the 5' end of the template, which is 
reiteratively copied by the viral polymerase. The stuttering of the 
viral polymerase is likely due to the fact that it remains bound to 
the 5' end of the vRNA template during elongation, and thus 
encounters steric hindrance when having transcribed most of the 
template in the 3 '^5' direction. 

Unlike cellular pre-mRNAs, most viral mRNAs are intron-less. 
However, the two smallest vRNA segments in size, M and NS, 
produce mRNAs that undergo splicing. The M segment gives rise 
to the unspliced Ml and spliced M2 mRNAs, which encode the 
Ml matrix protein and M2 ion channel protein, respectively. 
Alternatively spliced transcripts of segment M encode a small 
polypeptide of unknown function [3], and for some viral strains the 
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Author Summary 

Influenza A viruses are major pathogens which pose 
continuous animal and public health challenges. Enhanc- 
ing the knowledge of their life cycle, and especially the 
understanding of how viral components interact with the 
host cell, is essential to achieve better prevention and 
treatment of the disease. The polymerase of influenza A 
viruses plays a central role in the viral cycle, notably by 
driving the synthesis of viral messenger RNAs that are 
translated into viral proteins. Here we identify two human 
splicing factors, RED and SIVIUI, that associate with the 
viral polymerase. We show that these factors jointly 
regulate the splicing of the NSl messenger RNA into the 
shorter NS2 messenger RNA, which encodes a key viral 
protein named NS2/NEP. We demonstrate that RED and 
SIVIUI are required for efficient expression of NS2/NEP, and 
for the NS2/NEP-mediated intracellular trafficking of viral 
components. Overall, our results show that RED and SMUl 
are essential for the replication of influenza A viruses. With 
respect to the need of novel anti-Influenza therapies for 
epidemic and pandemic preparedness, the functional and 
physical interactions between these cellular splicing 
factors and the viral transcriptional machinery could be 
targeted to inhibit viral replication. 



M42 variant of the M2 ion channel [4] . The NS segment gives rise 
to the unsphced NSl and sphced NS2 niRNAs, which encode two 
multifunctional proteins: the non-structural NSl protein, an 
interferon antagonist which counters cellular antiviral responses 
(reviewed in [5]), and the NS2/NEP protein which is involved 
both in viral genome replication and nuclear export of neo- 
synthetized vRNPs (reviewed in [6]). An alternatively spliced 
transcript of segment NS, encoding a truncated version of NSl 
named NS3, has been reported for some viral strains [7]. 

The splicing of viral pre-mRNAs is highly controlled so that a 
majority of unspliced transcripts and a minority of spliced 
transcripts are produced, unlike the sphcing of cellular pre- 
mRNAs which is generally very elTicient. Previous studies, mainly 
focused on Ml mRNA, identified some cis-acting RNA signals, 
viral and host proteins involved in viral mRNA splicing regulation. 
Mutations at alternative 5' splice sites of Ml mRNA [8] or NSl 
mRNA [9] negatively affect viral growth rates. A secondary 
structure in the NSl mRNA intron was detected, but was not 
functionally investigated [10]. Alternative splicing of Ml mRNA is 
controlled by the viral polymerase [1 1] and the viral NSl protein 
[12]. Whether or not the NSl protein controls NSl mRNA 
splicing remains controversial [13,14]. Influenza virus dependency 
on the cellular splicing machinery is highlighted by a series of 
genome-wide RNAi screens, aimed at identifying cellular proteins 
that are required for influenza virus replication. The different 
screens show little overlap when analyzed at the level of individual 
proteins, but a much higher degree of overlap when analyzed at 
the level of cellular functions and pathways (reviewed in [15,16]). 
Splicing/ processing of pre-mRNAs is one of the most overrepre- 
sented gene ontology (GO) category, together with intracellular 
transport and kinase-mediated signaling [15]. Whereas a few 
ceUular proteins were shown to be involved in splicing regulation 
of the Ml viral mRNA, i.e. the cellular SF2/ASF sphcing factor 
[17], the hnRNP K, and the NSl -BP proteins [18], little is known 
about regulation of NSl mRNA splicing by ceUular factors. 

In this study, we identified the RED spliceosomal factor as an 
interacting partner of influenza A virus polymerase. The 
homologues of RED in Caenorhabditis ekgans and Arabidopsis thaliana 



were shown to work cooperatively with SMUl to regulate the 
splicing of specific pre-mRNAs [19,20,21]. We thus investigated 
the role of RED and SMUl in influenza A virus replication. We 
provide several lines of evidence that RED mediates the 
association of RED-SMUl complexes with the viral RNA 
polymerase. We analyzed the effects of RED or SMUl depletion 
on the splicing efficiency of viral mRNAs, the production of viral 
proteins, and the release of infectious viral particles. Overall, our 
results show that RED and SMUl both promote influenza virus 
replication, by jointly controlling splicing of the viral NSl mRNA 
and production of the essential NS2/NEP protein. 

Results 

Identification of RED as an interactor of influenza virus 
polymerase in a yeast two-hybrid screen 

Structural data indicate that the PBl, PB2 and PA subunits of 
influenza virus polymerase are tightiy associated [22,23], suggest- 
ing that some interactions of the viral polymerase with host factors 
are either mediated by more than one viral polymerase subunit, or 
dependent on conformational transition upon polymerase complex 
formation. We thus developed an original yeast two-hybrid system 
where two viral polymerase subunits were co-expressed in yeast to 
be used as bait. Only one viral polymerase subunit was fused to 
Gal4 DNA binding domain (DB), whereas the other one was co- 
expressed in its native form and addressed to the yeast nucleus. 
Four distinct combinations, namely [DB-PBl+PA], [PBl+DB- 
PA], [DB-PB1+PB2], and [PB1+DB-PB2], were used as baits to 
screen human cDNA libraries from spleen and foetal brain (see 
Methods SI for details on the procedure). Numerous hits were 
obtained with the PBl -PA dimer, but only few with the PB1-PB2 
dimer. This observation suggests that the PB1-PB2 bait is not 
suitable for yeast two-hybrid, possibly because it prevents efficient 
reconstitution of a functional Gal4 protein. Altogether, 37 high- 
confidence interactors (^3 hits) and 164 low-confidence inter- 
actors (1 or 2 hits) of the viral polymerase were identified 
(Supplemental Table SI). The RED/IK/RER protein appeared 
as a predominant interactor of the PBl -PA dimer in the high- 
confidence group with 184 hits, and had not been identified in 
previous yeast two-hybrid screens (highlighted in the Supplemental 
Table SI). RED, which is 557 amino acid long and owes its name 
to the presence of a repetitive stretch of arginine (R), glutamic acid 
(E) and aspartic acid (D) residues from position 334 to 375 [24], 
was identified in two independent studies as a component of the 
spliceosome [25,26]. 

Interaction of RED with individual subunits of the viral 
polymerase 

We next characterized the ability of RED to interact with each 
individual subunit of the viral polymerase in human cells. To this 
end, we used a split-luciferase based trans-complementation assay 
as described earlier [27]. Briefly, an expression plasmid encoding 
the RED protein fused to the Gluc2 fragment of Gaussia princeps 
luciferase was produced. HEK-293T cells were transfected with 
the Gluc2-RED expression plasmid, together with plasmids that 
allowed the expression of PBl, PB2 or PA polymerase subunit 
fused to the trans-complementing Gaussia princeps luciferase Glue 1 
fragment. Additional ceUular proteins were used as positive 
controls: IP05, known to interact with the PBl protein and the 
PBl -PA dimer but not with the PB2 protein [28]; KPNA2 and 
hCLE, known to interact with PB2 and PA, respectively [29,30]; 
and SMU 1 , found as an interactor of RED in yeast two-hybrid 
and co-immunoprecipitation assays [31]. Luciferase activity 
measured in cell extracts was expressed as a Normalized 
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Luminescence Ratio (NLR) over control protein pairs (Figure lA). 
An NLR cut-ofT of 8 discriminated interacting pairs from non- 
interacting pairs with a false positive background below 2.5%, as 
determined with a random set of human proteins (see [27] and 
Materials and Methods for details on the procedure). Luciferase 
activities detected in the presence of Gluc2-IP05, -KPNA2 and - 
hCLE proteins were in agreement with the interaction patterns 
described in the literature (Figure IB, grey bars). In the same 
conditions, binary RED-PB2 and RED-PBl interactions, but no 
RED-PA interaction, were detected (Figure IB, black bars). These 
observations suggest that the RED protein makes contact with a 
polymerase region overlapping PBl and PB2, and that interaction 
of RED with the [DB-PBl+PA] and [PBl+DB-PA] dimers in 
yeast was mediated by the RED-PBl interaction. The fact that 
RED-PB2 interaction was not detected in yeast probably comes 
from a general unsuitabUity of the PB 1 -PB2 bait for yeast two- 
hybrid, as mentioned above. The high levels of luciferase activity 
measured in the presence of Gluc2-RED and Glucl-SMUl 
demonstrated that a strong RED-SMUl interaction occurs in 
cultured human cells (Figure IB, hatched bar); using the same 
assay, no binary interaction between SMU 1 and any of the three 
subunits of the viral polymerase was detected (Figure IB, open 
bars). 

Copurification of RED with the viral polymerase from 
infected cell extracts 

To further document the association of RED with the viral 
polymerase in infected cells, we used a recombinant influenza A 
virus (WSN strain) encoding a PB2 protein fused to the Strep tag 
at its C-terminal end (rWSN-PB2-Strep), which grows as efficiendy 



as its untagged counterpart (rWSN) [32,33]. Lysates were 
prepared from HEK-293T ceUs infected with rWSN-PB2-Strep 
or rWSN, and then subjected to Strep purification using 
StrepTactin as previously described [32,33]. This protocol allows 
co-purification of PB2-Strep with similar amounts of PB 1 and PA 
and with larger amounts of NP protein [32,33], which most likely 
correspond to a mixture of vRNPs and free trimeric polymerase 
although the presence of limited amounts of cRNPs and isolated 
PB2-Strep protein cannot be excluded. Western blot analysis 
showed that the cellular RED protein was specifically co-purified 
with PB2-Strep (Figure IC, middle panel). Remarkably, RED's 
cellular partner SMUl was also specifically co-purified with 
vRNPs (Figure IC, lower panel). The two bands detected with the 
anti-SMUl antibody, in the lysates as well as in the eluates, most 
likely correspond to two distinct forms of the SMUl protein as 
they are both sensitive to treatment with anti-SMUl siRNAs (as 
shown below). The recovery yield was lower for RED and SMUl 
than for PB2-Strep. The co-purification experiment was repeated 
with a natural human influenza virus isolate. To this end, we used 
the recombinant P908-WSN and P908-Cstrep-WSN viruses, 
whose PBl, PB2 or PB2-Strep, PA and NP genes derive from 
the A/Paris/908/97 (P908) virus [34]. Again, the RED and 
SMUl proteins were specifically co-purified with PB2-Strep 
(Supplemental Figwe SI A). 

Mapping of the interaction domain of RED with the viral 
polymerase 

We asked which domain(s) of RED were able to bind the 
monomeric PBl and PB2 subunits and the SMUl protein, using 
the Gaussia princep.s luciferase-based complementation assay. To 
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Figure 1. Interaction of RED witKi influenza virus polymerase in human cells. A. Schematic representation of the Gaussia princeps luciferase- 
based complementation assay and Normalized Luminescence Ratios (NLRs) calculation method. The luminescence activity measured in cells co- 
transfected with the plasmids encoding the P-Gluci and P'-Gluc2 fusion proteins is divided by the sum of the luminescence activities measured in 
control samples co-transfected with either the P-Gluci and Gluc2 plasmids or the Gluci and P'-Gluc2 plasmids. For details, see the Materials and 
IVlethods section, and [27]. B. For each indicated pair of Gluci and Gluc2 fusion proteins, the NLR was determined as described in A. The data are 
expressed as the mean +/— SD of triplicates and are representative of two independent experiments. The dashed line indicates the NLR cut-off value 
that reduces false positive background below 2.5%, as determined using a random reference set of human proteins. C. Co-purification of the 
endogenous RED and SIV1U1 proteins with the viral polymerase in infected cells. HEK-293T cells were infected at a m.o.i. of 5 with recombinant wild- 
type rWSN (W) or rWSN-PB2-Strep (S) viruses and incubated at 37 C for 6 hours. Whole-cell lysates were prepared and a fraction was incubated with 
StrepTactin beads as described in Material and IVlethods. Protein complexes were eluted, loaded on a 4-12% SDS-polyacrylamide gel and analyzed by 
western blotting using either StrepTactin to detect the PB2-Strep protein (upper panel) or an antibody specific for the RED or SMUl protein (middle 
and lower panels). * and **: non-specific detection of the PB2 and NP protein, respectively, as inferred from previous experiments [33]. The bands 
detected in the PB2-Strep panel at 70 kD and the faster migrating band (present only in lysates) were also detected in mock-infected cells (data not 
shown). 

doi:1 0.1 371 /journal.ppat.1 0041 64.g001 
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this end, we produced expression plasmids encoding a Gluc2- 
tagged N-terminal domain of RED (Nt-RED, residues 1 to 315), 
or C-terminal domain of RED (Ct-RED, residues 316 to 557). The 
delimitation of Nt-RED and Ct-RED was based on the fact that a 
secretory form of RED starting at residue 316 is naturally 
produced in hematopoietic cells [35,36] (Figure 2A). Plasmids 
encoding a Gluc2-tagged RED, Nt-RED or Ct-RED were co- 
transfected with the PB2-Glucl, FBI -Glue 1 or Glucl-SMUl 
plasmids. For each protein combination, luciferase activity was 
expressed as a NLR over control protein pairs. The Nt-RED 
domain bound as c-fficic-ntly as the full-length RED protein to PB 1 
and SMUl, but l(;ss efficiently to PB2 as indicated by a 75% 
reduction of the corresponding NLR (Figure 2B). The Ct-RED 
domain did not bind eflficiendy to PBl and PB2 nor to SMUl 
(Figure 2B). Low NLR values observed in the presence of the 
Gluc2-tagged Ct-RED domain were not due to defective 
expression, as shown by western-blot analysis (Figure 2C). Overall, 
our data indicate that the N-terminal domain of RED is mediating 
RED's interaction with both the viral polymerase PBl and PB2 
subunits and with SMUl, whereas its C-terminal domain 
enhances specifically the interaction with PB2. 

To document the interaction domain of RED with the viral 
polymerase in an infected cell context, we produced expression 
plasmids encoding an HA-tagged full-length RED, Nt-RED or Ct- 
RED. HEK-293T cells were transfected with these plasmids and 
infected with the rWSN or rWSN-PB2-Strep virus. Strep 
purification followed by western blot analysis using an anti-FLA 
antibody revealed that, unlike the Ct-RED domain, the Nt-RED 
domain interacted specifically with PB2-Strep (Figure 2D), in 
agreement with the protein-protein interaction assay shown in 
Figure 2B. The same experiment performed with the recombinant 
P908/WSN and P908-Cstrep-WSN viruses gave similar results 
(Supplemental Figure SIB). Therefore, in cells infected with two 
distinct influenza A viruses, RED appears to associate with PB2- 
Strep, most likely when incorporated into polymerase complexes 
or vRNPs, through its N-terminal domain. 

Association of RED-SMUl complexes with the viral 
polymerase 

Based on our findings that i) the human RED and SMUl 
proteins co-purify with influenza virus polymerase, ii) RED and 
SMUl interact strongly with each other, and ii) RED but not 
SMUl interacts with influenza virus polymerase PB2 and PBl 
subunits, we hypothesized that RED was mediating the association 
of RED-SMUl complexes with influenza virus polymerase. In 
order to test this hypothesis, the protein complementation assay 
using PB2-Glucl and Gluc2-SMU1 plasmids was repeated in the 
absence or in the presence of over-expressed RED protein, and 
NLR were determined. Overexpression of the RED protein 
resulted in a 6-fold increase of the NLR, bringing it above the 
NLR cut-ofF value for non-interacting pairs (two independent 
experiments in triplicate, two-way ANOVA, unweighted means, 
p<0.001) (Figure 3A). These data suggested that, although no 
direct SMU1-PB2 interaction occurs, an indirect association of 
SMUl and PB2 can be mediated by the formation of ternary PB2- 
RED-SMUl complexes. 

To furtluT document tlu' existence of such ternary complexes, 
we examined whether [Glucl-SMU1+Gluc2-RED] complexes 
could be co-purified with PB2. The PB2 protein of WSN virus, 
either wild-type or fused to the Strep tag, was co-expressed in 
HEK-293T cells together with [Glucl-SMUl-fGluc2-RED], or 
with the [Glucl+Gluc2-RED] and [Glucl-SMU1+Gluc2] control 
pairs. Alternatively, the rWSN-PB2-Strep virus or the control 
rWSN virus were used to infect HEK-293T cells that expressed 



[Glucl-SMU1-I-Gluc2-RED], [Glucl-I-Gluc2-RED] or [Glucl- 
SMU1-I-Gluc2]. Lysates were prepared at 24 hours post-transfec- 
tion or 6 hours post-infection and subjected to Strep purification 

using StrepTactin beads. The NLRs measured in the lysates were 
similar whether PB2 or PB2-Strep was expressed (Figure 3B, 
upper graph). In contrast, NLRs associated with StrepTactin were 
about 8-fold and 3-fold higher in the PB2-Strep samples than in 
the control PB2 samples, in the transfection and infection setting, 
respectively (Figure 3B, lower graph). Overall, our data indicate 
that PB2-RED-SMU1 complexes are being formed in influenza 
virus infected ceUs. 

Accumulation and localization of RED and SMUl in 
infected cells 

The steady-state level and subceUular localization of endoge- 
nous proteins RED and SMUl were monitored throughout the 
viral cycle. A549 cells were mock-infected or infected with the 
WSN virus at a high multiplicity of infection (m.o.i.). Total ceU 
extracts were prepared at various times post-infection and were 
analyzed by western blot using anti-RED, anti-SMU 1 and anti-NP 
antibodies. As shown in Figure 4A, RED and SMUl intracellular 
levels did not undergo major variations during influenza virus 
infection. When analysed by indirect immunofluorescence, the 
RED and SMUl proteins (pseudo-colored in red and cyan, 
respectively, in Figure 4B) were both localized in the nucleus and 
excluded from the nucleoli, as previously reported for RED [37]. 
The specificity of these immunostainings was confirmed by the fact 
that RED and SMUl signals were strongly reduced in siRNA- 
treated cells (Supplemental Figure S2). The intensity and 
subcellular distribution of RED and SMUl were unchanged in 
infi'ct(;d ceUs compared to control ceUs, when observed at 6 hpi 
(Figure 4B). 

We then used the rWSN-PB2-GFPl 1 virus [38] to infect HEK- 
293T ceUs that transiently expressed GFPl-10 and an mCherry- 
RED fusion protein. The over-expressed mCherry-RED protein 

appeared concentrated within large- intra-nuck-ar dots (Supple- 
mental Figure S3, pseudo-colored in red), a subcellular localisation 
very distinct from the diffuse intranuclear localisation observed for 
the endogenous RED protein (Figure 4B). A clear re-localisation of 
PB2-GFPcomp into the mCherry-RED dots was observed upon 
infection (Supplemental Figure S3, pseudo-colored in green, and 
merge), further supporting a specific RED-PB2 interaction in 
influenza-virus infected cells. This phenomenon was not observed 
when a control mCherry protein was expressed (Supplemental 
Figure S3, right row). 

Cross effects of RED and SMUl knock-down on influenza 
virus replication 

To assess the functional contribution of the RED and SMUl 
proteins to the viral life cycle, we performed siRNA-mediated 
knock-down in A549 cells. A pool of four RED siRNAs (Rp) and 
two individual RED siRNAs (Rl and R2) were used, together with 
a pool of four SMUl siRNAs (Sp) and control non-target siRNAs 
(NT). CeU lysates were analyzed for the presence of RED and 
SMUl by western blotting. The steady-state levels of RED showed 
a 90% reduction 36 hours after RED siRNA treatment; however, 
RED was silenced almost as efficientiy by SMUl siRNAs 
(Figure 5A, left panel). Conversely, SMUl appeared to be silenced 
by RED siRNAs Rp, Rl or R2 nearly as weU as by SMUl siRNAs 
(Figure 5 A, right panel). A ceU viabflity assay was performed in 
parallel. Little or no reduction of the cell viability signal was 
measured in RED or SMUl silenced cells compared to control 
siRNA-treated cells (Figure 5B). Our findings were in agreement 
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Figure 2. Mapping of tKie interaction domain of RED with the viral polymerase. A. Schematic representation of the full-length RED, N- 
terminal domain (Nt-RED) and C-terminal domain (Ct-RED) of RED that were transiently expressed in the experiment shown in B. The domain 
corresponding to the truncated, secreted form of RED (sec-RED) is also represented. B. For each indicated pair of Gluci and Gluc2 fusion proteins, the 
NLR was determined as described in Figure 1 A. The NLR are expressed as percentages (100%: the NLR measured in the presence of Gluc2-RED). The 
data are expressed as the mean +/- SD and are representative of two independent experiments (PB1, PB2) or a single experiment (SMU1) in 
triplicates. C. Steady-state levels of the recombinant Gluc2-RED, Gluc2-Nt-RED and Gluc2-Ct-RED proteins. HEK-293T cells were transfected with the 
Gluc2-RED, Gluc2-Nt-RED, Gluc2-Ct-RED plasmids, or mock-transfected with the empty pCI plasmid (control). Total cell extracts were prepared 
24 hours post-transfection, loaded on a 4-12% SDS-polyacrylamide gel and analyzed by western blotting using a polyclonal antibody specific for 
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Gaussia princeps luciferase. D. Co-purification of the viral polymerase and recombinant, HA-tagged polypeptides corresponding to full-length or 
truncated forms of the RED protein. HEK-293T cells were transfected with the HA-RED, HA-Nt-RED or HA-Ct-RED expression plasmids, or mock- 
transfected with the pCI plasmid (-). 24 hours post-transfection, they were infected at a m.o.i. of 5 with recombinant WSN (W) or WSN-PB2-Strep (S) 
viruses and incubated at 37°C for 6 hours. Whole-cell lysates were prepared and a fraction was incubated with StrepTactin beads as described in 
Material and Methods. Protein complexes were eluted, loaded on a 4-12% SDS-polyacrylamide gel and analyzed by western blotting using either 
StrepTactin to detect the PB2-Strep protein (upper panel) or a monoclonal antibody specific for the HA tag (lower panel). 
dor:l 0.1 371 /journal.ppat.1 0041 64.g002 



with published data on cross effects of SMUl and SMU2 gene 
inactivation in Caenorhabditis ekgans [19]. Taken together with the 
fact that RT-qPCR analysis revealed no reduction of SMUl 
mRNA levels upon RED siRNA treatment, and no reduction of 
RED mRNA levels upon SMUl siRNA treatment (Supplemental 
Figure S4), our observations strongly suggest that human RED 
and SMUl proteins are stabilizing each other within the cell. 

The effect of RED or SMUl knock-down on WSN inffuenza 
virus replication was then examined. A549 cells treated with RED, 
SMUl, or control siRNAs were infected at a m.o.i. of 0.001 pfu/ 
cell with the WSN inffuenza virus, and the production of infectious 
viral particles was evaluated at 24 and 48 hpi. Viral titers in 
supernatants of RED- and SMUl -silenced cells showed a similar 
2-log reduction at 24 hpi and a 2 to 3-log reduction at 48 hpi 
compared to control cells (two independent experiments in 
triplicate, two-way ANOVA on logarithmic-transformed data, 
unweighted means, p<0.0001) (Figure 5C, circle symbols). No 
such significant differences were observed upon infection with 
VSV Indiana strain, a negative-stranded RNA virus which 
replicates in the cytoplasm (Figure 5C, triangle symbols), nor with 
Adenovirus 5 which replicates in the nucleus and is dependent on 
the cellular splicing machinery (Figure 3C, square symbols). 
Individual anti-RED siRNAs Rl and R2 showed the same effect 
as the Rp siRNA pool, i.e. they strongly inhibited the production of 
inffuenza infectious particles without affecting the production of 
VSV infectious particles (Figure 5D). Overall our data show that 
RED and SMUl are specifically required for efficient inffuenza 
virus multiplication. However, as RED and SMUl proteins are 
stabilizing each other, these knock-down experiments do not allow 
to discern whether RED, SMUl or both are playing an active role 
in inffuenza virus multiplication. 

Knock-down of RED or SMUl reduces the NS2/NS1 
mRNA and protein ratios in infected cells 

We hypothesized that the viral replication defect in RED- and 
SMUl -depleted cells could be due to an impaired spKcing of viral 
mRNAs. We thus examined the effect of RED or SMUl depletion 
on the accumulation of viral mRNAs encoding the NSl, NS2, Ml 
and M2 proteins. A549 cells treated with RED, SMUl or control 
NT siRNAs were infected with inffuenza virus WSN at a m.o.i. of 
5 pfu/cell. Poly-adenylated RNAs were purified and RT-qPCR 
was performed using specific primers and probes as described in 
Figure 6A. The mRNA copy numbers, shown in Figure 6B, were 
determined using the standard curve method and normalized with 
respect to GAPDH mRNA copy numbers (see the Materials and 
Methods section for details). In agreement with previously 
published data [13,18,39], mRNA levels showed a sharp increase 
between 3 and 6 hpi, and NS2 and M2 mRNAs were less 
abundant than NSl and Ml mRNAs, respectively. The silencing 
of RED, and to a lesser extent the silencing of SMU 1 , reduced the 
accumulation of viral mRNAs (Figure 6B, square and triangle 
symbols, respectively, compared to circle symbols). This effect was 
overall more pronounced for NS2 mRNAs (Figure 6B, grey box) 
than for NSl, Ml and M2 mRNAs (Figure 6B, open boxes), 
particularly so at the latest time-point (two independent experi- 
ments in triplicates with RED-siRNAs, two-way ANOVA on 



logarithmic-transformed data, unweighted means, p<0.0001 for 
NS2, p>0.0001 for NSl, Ml and M2). As a consequence, in cells 
depleted for RED, the ratio of NS2 over NSl mRNAs showed a 
stable 4-fold decrease at 3, 6 and 9 hpi (p<0.001), whereas the 
ratio of M2 over Ml mRN.4s was reduced only 2-fold at 3 hpi (p< 
().()() 1) and was not affected at later time points (Figure (iC, grey 
bars). A similar trend was observed in cells depleted for SMUl 
(Figure 6C, white bars). Overall, these data indicated that the 
production of spliced NS2 mRNAs was specifically impaired when 
RED or SMUl were depleted. 

The effect of RED or SMUl knock-down on the accumulation 
of viral proteins was then examined. A,'i49 cells treated with RED, 
SMU 1 or control siRNAs were infected with inffuenza virus WSN 
at a m.o.i. of 5 pfu/cell. The accumulation of viral proteins was 
monitored by western-blot analysis of cell lysates, using antibodies 
for die NP, Ml, M2, NSl and NS2 proteins. The signals were 
quantified and normalized with respect to tubulin. As shown in 
Figure 7, the silencing of RED, and to a lesser extent the silencing 
of SMUl, reduced the accumulation of viral proteins. The ratio of 
NS2 over NSl proteins was reduced at 6 and 9 hpi (5- and 3-fold, 
respectively, in RED-sHenced cells; 3- and 2-fold, respectively, in 
SMUl -silenced cells), whereas the ratio of M2 over Ml protein 
remained stable except for a 2-fold reduction in RED-silenced cells 
at 6 hpi. Taken together, our data indicate that RED or SMUl 
depletion induce a specific and parallel decrease of NS2 to NSl 
ratio at the protein and mRNA levels. 

Knock-down of RED impairs vRNP export in infected cells 

One essential function of the NS2 protein is to mediate the 
export of neosynthetized vRNPs from the nucleus to the 
cytoplasm, which allows them to be transported to the cellular 
plasmic membrane and incorporated into virions. We thus 
examined whether, in cells silenced for RED, the decreased 
accumulation of NS2 was associated with a defect of vRNP 
nuclear export. A549 cells treated with RED or control siRNAs 
were infected with inffuenza virus WSN at a m.o.i. of b pfu/ cell. 
At 5 hpi, the intracellular localisation of the NP protein was 
detected by indirect immunofluorescence. In cells treated with the 
control srRNA (Figure 8A, left panels), NP staining was mostiy 
cytoplasmic, which was indicative of an efficient nuclear export of 
neo-synthetized vRNPs. In contrast, in cells treated with the RED 
siRNA (Figure 8A, right panels), the NP was detected mainly in 
the nucleus, most cells showing an accumulation of NP in the 
cortical area beneath the nuclear membrane. Scoring of NP 
locaUsation on a mean of 120 cells per experimental condition 
indicated that RED depletion decreased the proportion of cells in 
which NP was exclusively cytoplasmic, and increased the 
proportion of cells in which NP was exclusively nuclear 
(Figure 8B). A delay in vRNP export was also observed when 
the experiment was performed with the P908-WSN virus 
(Supplemental Figure S5). 

Discussion 

In this study we report that the cellular splicing factors RED and 
SMUl are essential regulators of inffuenza A virus infection 
through the control of viral mRNA splicing. littie is known about 
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Figure 3. Detection of ternary PB2-RED-SIV1U1 complexes. A. The Gaussia princeps luciferase-based complementation assay was performed 
with the PB2-Gluc1 and Gluc2-SMU1 fusion proteins, in the absence or presence of over-expressed RED protein. The Normalized Luminescence Ratios 
(NLR) were determined as described in Figure 1 A. The dashed line indicates the NLR cut-off that reduces false positive background below 2.5%, as 
determined using a random reference set of human proteins. The data are expressed as the mean +/— SO of triplicates and are representative of two 
independent experiments. B. The Gluc2-RED and Glucl-SMUl fusion proteins were co-expressed in HEK-293T cells, together with the wild-type PB2 
protein or PB2-Strep fusion protein (transfection). Alternatively, HEK-293T cells co-expressing Gluc2-RED and Glucl-SMUl were superinfected with 
the rWSN or rWSN-PB2-Strep viruses (infection). Cell lysates were subjected to purification using StrepTactin beads. Control samples (cells co- 
expressing Gluc2-RED4-Gluc1 or Gluc24-Gluc1-SIVIU1) were processed in parallel. Luciferase activities and NLRs were determined on an aliquot of the 
lysates (upper graph) and on the StrepTactin eluates (lower graph) as described in Figure 1A. The data are expressed as the mean +/— SD of 
triplicates and are representative of two independent experiments (infection) or a single experiment (transfection). 
doi:1 0.1 371 /journal.ppat.1 0041 64.g003 



the function of the human RED and SMU 1 proteins within the 
spliceosome, apart from the fact tliat a temperature-sensitive 
mutation in SMUl is associated with a defect in unc52 / perkcan pre- 
mRNA splicing [40], and that RED interacts with SMUl and 
other spliceosomal factors in yeast two-hybrid and co-immuno- 
precipitation assays [31]. Highly conserved homologues of RED 
and SMUl were identified in Caenorhahditis elegans and Arabidopsis 



thaiiana, and were also found to interact with each other in vitro and 
in vivo [19,21]. The homologues in Caenorhahditis elegans, SMU2 and 
SMUl (35% and 62% identity with their human RED and SMUl 
counterparts, respectively) were shown to work together to 
regulate the splicing of specific pre-mRNAs. Indeed, mutations 
in SMU2 and in SMU 1 resulted in the very same alterations of the 
splicing oiunc52 [19] and unc73 pre-mRNA [20], which pointed to 
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Figure 4. Steady-state levels and subcellular localisation of endogenous RED and SMU1 in infected cells. A. A549 cells were infected at 
a m.o.i. of 5 pfu/cell with the rWSN virus (+) or mock-infected (— ). Total cell extracts were prepared at 0, 3, 6 and 9 hours post-infection (hpi), loaded 
on a 4-12% SDS-polyacrylamide gel and analyzed by western blotting using antibodies specific for RED, SMU1, NP and GAPDH. B. A549-GFP1-10 cells 
on coverslips were infected with the rWSN-PB2-GFPl 1 recombinant virus at a m.o.i. of 5 pfu/cell (WSN), or mock-infected. These conditions allow 
direct visualization of PB2 in infected cells by trans-complementation of GFP fragments GFP1-10 and GFP11 [38]. At 6 hpi, cells were fixed, 
permeabilized, and stained with an antibody specific for the RED or SMU1 protein and with Hoechst 33342. Samples were analyzed under a 
fluorescence microscope (Inverted Zeiss Observer Z1). IVIerge views corresponding to RED (red) and SMU1 (cyan), or RED and PB2-GFPcomp (green), 
are shown. A scale bar is shown. 
doi:1 0.1 371 /journal.ppat.1 0041 64.g004 



a possible role of these two factors in selection of cryptic 5' splice 
sites. Consistently, mutants of Arabidopsis thaliam AtSMU2 and 
AtSMU 1 showed altered splicing of a common set of pre-mRNAs, 
and similar developmental abnormalities [21]. No such functional 
association between the human RED and SMUl proteins had 
been reported so far. Here we show that indeed, along with their 
worm and plant homologues, the human RED and SMUl 
proteins cooperate as they jointly control the sphcing of NSl pre- 
mRNAs during influenza virus infection. Further studies would be 
needed to evaluate how important is the role played by RED/ 
SMUl in the regulation of human pre-mRNA splicing, in 
particular with regard to the development of cancer and other 
pathologies that can result from splicing alterations [41]. Indeed, 



somatic mutations on RED and SMUl are reported in the Cancer 
Gene Census database (COSMIC). 

We show that RED and SMUl co-purify with influenza virus 
polymerase in infected cells. The N-terminal domain of RED is 
responsible for binding to SMU 1 , and also to the viral polymerase 
subunits PBl and PB2. No interaction between SMUl and any of 
the polymerase subunit was detected, but we present evidence for 
the formation of PB2-RED-SMU1 ternary complexes. Overall, 
our protein-protein interaction mapping data indicate that RED is 
mediating the association of RED-SMUl complexes with the PB2 
protein. They are consistent with cross-effects of RED and SMUl 
silencing observed by us and by others [19,21], which suggest that 
the two proteins are stabilizing each other and that a significant 
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Figure 5. Effect of RED or SMU1 knock-down on influenza virus multicycle growth. A. A549 cells were transfected with control non-target 
siRNAs (NT), a pool of four RED siRNAs (Rp), individual RED siRNAs (R1, R2), or a pool of four SMU1 siRNAs (Sp). Total cell extracts were prepared at 
36 hours post-transfection, and analyzed by western blotting using antibodies specific for RED (left upper panel), SMUI (right upper panel) and 
GAPDH (lower panels). The residual levels of SMUI and RED in silenced cells relative to control cells are indicated. The data are representative of two 
independent experiments. B. A luminescence-based cell viability assay was performed on RED and SIVIU1 siRNA-treated cells at 36 hours post- 
transfection. The data are expressed as the mean +/- SD of triplicates and are representative of two independent experiments. A.U.: arbitrary units. 
C. A549 cells were transfected with control (NT, solid lines), RED (dashed lines) or SMUI (dotted lines) siRNAs. At 36 hours post-transfection, they 
were infected with WSN influenza virus (circles), VSV (triangles), or Adenovirus 5 (squares) at a m.o.i. of 10^^ 10"* and 6 pfu/cell, respectively. 
Supernatants of WSN- and VSV-infected cells were collected at 24 and 48 hours post-infection and were titrated by plaque assay. Lysates of AdV5 
infected cell were prepared at 24 and 48 hpi and were titrated by immunostaining. The data are expressed as the mean +/~ SD of triplicates (WSN, 
VSV) or duplicates (AdV5), and are representative of two (WSN, VSV) or one (AdVS) independent experiments. D. A549 cells were transfected with 
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control (NT) or with the indicated RED siRNAs. At 36 hours post-transfection, they were infected with the WSN virus (circles) or VSV (triangles) at a 
m.o.i. of 10~^ or 10"'' pfu/cell, respectively. Supernatants were collected at 48 hours post-infection and were titrated by plaque assay. The data are 
expressed as the mean +/- SD of triplicates. 
doi:l 0.1 371/journal.ppat.1 0041 64.g005 



proportion is present as functional RED-SMUl complexes. 
Interestingly, in a systematic affinity tagging/purification mass 
spectrometry study, the RED and SMUl proteins were found to 
be associated with the HrV-1 Rev protein [42], suggesting that the 
RED-SMUl complex might be targeted by a larger range of 
viruses. 

The RED protein that co-purifies with PB2-Strep in infected 
cell lysates is most likely associated to the viral trimeric 
polymerase. RED could bind to polymerases associated with 
RNPs, possibly a low proportion of these if the RED-polymc-rase 
interaction is stabilized by cis-acting RNA signals present in some 
but not all RNPs depending on their RNA component (e.g. NS 
versus other viral RNAs) and/ or on their status [e.g. actively 
transcribing vRNPs versus vRNPs ready for export). RED might 
cdso bind to polymerases that are not incorporated into an RNP, as 
RED-PB2 and RED-PBl interactions can be detected in the 
absence of other viral proteins or viral RNA. These free 
polymerases bound to RED-SMUl could in turn modulate the 
splicing of viral RNAs though cooperation and oligomerization 
with polymerases that reside on actively transcribing RNPs. This 
hypothesis is in line with a recent pubUcation showing that trans- 
activating polymerases are required for activation of resident 
polymerases which carry out vRNA synthesis [4,S] . 

The 5' splice site in influenza virus NSl pre-mRNA is around 
70 nt downstream the cap structure and corresponds to the 
suboptimal 5'-C AG i GTAGA T-3' sequence, distinct from 
tiie consensus 5'-A/C A G i G T A/G A G T-5' sequence. It 
was recentiy demonstrated that the presence of such a weak splice 
site and the resulting slow accumulation of the splice product, the 
NS2 protein, are beneficial for the virus as they ensure a proper 
timing of viral rephcation [9] . Our observation that the NS 1 pre- 
mRNA splicing is impaired in cells depleted for RED or SMUl, 
taken together with our protein-protein interaction findings, 
suggest a model in which the influenza virus polymerase recruits 
the RED-SMUl complex to ensure recognition of the weak 5' 
splice site in NSl mRNAs, and to control this essential checkpoint 
of the viral life cycle. A previous study showed that the viral 
polymerase controls the choice of alternative .5' spKce sites in the 
Ml mRNA, by binding to the distal, stronger 5' splice site and 
thus allowing the switch to the proximal, weaker 5 ' splice site and 
the production of the M2 mRNA [11]. The viral polymerase thus 
seems to play a central role in coupling transcription and 
alternative splicing of the viral mRNAs. This is in line with the 
current view that cellular mRNA synthesis, processing and splicing 
are closely linked [44,45] . 

Our study is stressing the fact that different cellular factors and 
mechanisms are involved in the splicing regulation of influenza 
virus NSl and Ml mRNAs. Indeed, die effect of RED-SMUl 
depletion is more pronounced for NSl mRNA splicing than for 
Ml mRNA splicing in WSN-infected cells. Conversely, the cellular 
proteins hnRNP K and NSl -BP were recently shown to regulate 
the splicing of M 1 , but not NS 1 mRNAs in WSN-infected cells 
[18]. Whether RED and/or SMUl bind directly and specifically 
to NSl pre-mRNAs remains to be explored. An alternative 
hypothesis is that the recognition of NSl mRNA is mediated by 
one or several cellular factors associated to the RED-SMUl 
complex. Indeed, none of the RED and SMUl proteins contains 
typical RNA-binding domain. In contrast, both proteins show 
motifs that promote the assembly of multi-protein complexes, i.e. 



coUed-coU motifs in the N-terminal domain of RED [24], two 
nuclear receptor binding motifs (LXXLL) and WD40 repeats in 
the N-terminal and C-terminal domains of SMUl, respectively 
(the Eukaryotic Linear Motif resource [46]). A comprehensive 
mapping of protein-protein interactions among human spliceo- 
somal proteins suggested that RED and SMUl, together with 
MFAPl, may contribute to protein recruitment during B complex 
formation at an early stage of spUcing [31]. 

Upon influenza virus infection of cells silenced for RED or 
SMUl, the NS2/NS1 protein ratio was decreased and the 
production of NS2 was strongly reduced. In agreement with the 
well-documented function of NS2 as an exportin, the nuclear 
export of neo-syntlietized vRNPs was strongly impaired, which 
very likely contributed to the reduced production of infectious 
progeny virions. The NS2 protein was recently found to be 
involved in othc'r aspects of the viral cycle (for a review, sei; [6]), 
including the regulation of \'iral RNA transcription and replication 
[47]. This is in agreement with our observation that the 
accumulation of other viral mRNAs and proteins (NSl, Ml, 
M2, NP) was reduced at early stages of infection in cells silenced 
for RED or SMUl, which could be a consequence of the low levels 
of NS2 synthesis. In addition, distinct, non-NS2-mediated effects 
of RED depletion on the viral cycle can be envisioned. Indeed, 
beyond its function as a splicing factor, the RED protein was 
reported to associate to the spindle poles and to be required for 
mitotic progression [37]. It would thus be interesting to explore 
whether the viral polymerase-RED interaction is linked to the 
prevention of cell cycle entry into S phase [48] . 

The investigation of cellular pathways that are essential for 
influenza A virus replication, and the identification of the 
underlying interactions between viral and cellular components, 
might open the way to new antiviral strategies. Based on 
fundamental research on HIV-1 alternative splicing mechanisms, 
a small molecuk- was identified that interferes with the activity of 
the splicing factor SF2/ASF, inhibits the production of key viral 
proteins, and as a consequence inhibits the production of 
infectious particles [49]. Similarly, our findings could open the 
way to new antiviral strategies aimed at disrupting the interactions 
that exist between the viral machinery of transcription and the 
cellular splicing machiner)' to block the expression of the key NS2/ 
NEP protein and to inhibit influenza virus multiplication. 

Materials and Methods 

Plasmids 

The Gateway-compatible donor plasmids containing cellular 
ORFs were obtained from the Human ORFeome resource 
(hORFeome v3.1 and v5.1), except from the SMUl plasmid 
which was kindly provided by Ulrich Stelzl (Max Planck Institue 
for Molecular Genetics, Berlin, Germany). They were transferred 
into the Gateway-txjmpatible pSPICA-N2 or pSPICA-Nl desti- 
nation vector [27], or into a Gateway-compatible pmCherry 
destination vector using the LR clonase (Invitrogen). The resulting 
plasmids allowed the expression of GIuc2, Glucl or mCherry 
fusion proteins. The Gateway-compatible donor plasmid contain- 
ing the RED ORE was used as a template to amplify the RED, Nt- 
RED or Ct-RED coding sequence. The resulting amplicons, 
which encoded either untagged or HA-tagged RED, Nt-RED and 
Ct-RED depending on the oligonucleotides that were used, were 
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Figure 6. Effect of RED or SMU1 knock-down on the accumulation of influenza virus mRNAs. A549 cells were transfected with RED (R), 
SMU1 (S) or control non-target (NT) siRNAs, and were subsequently infected with the WSN virus at a m.o.i. of 5 pfu/cell. Polyadenylated RNAs were 
purified at 3, 6 and 9 hpi, and RT-qPCR was performed to detect specifically the viral NS1, NS2, Ml and IVI2 mRNAs, as well as the cellular GAPDH 
mRNAs. A. Schematic representation of the primers and probes used for RT-qPCR. The NS1, NS2, Ml and M2 mRNAs are depicted. The positions of 
primers and probes are indicated by black and white arrowheads, respectively, that are oriented according to the sense or antisense orientation of 
the oligonucleotides. B. The NS1, NS2, Ml and M2 mRNA copy numbers, as determined using the standard curve method and normalized with 
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respect to GAPDH mRNA copy numbers, are shown. The data are expressed as the mean +/- SD of two independent experiments in triplicates, 
except for the SMU1-siRNA-3 hpi and SMUl-siRNA-6 hpi conditions (one experiment in triplicates). For each mRNA at each time-point, the ratio (in 
percent) of mRNA copy number in RED- and SMU1 -silenced cells to mRNA copy number in NT siRNA-treated cells are indicated below the graphs. 
Two-way ANOVA was performed to evaluate the effects of RED siRNA treatment. **: p<0.0001; *: p<0.001; ns: non significant (p>0.05). C. The ratios 
of NS2/NS1 and M2/M1 mRNA copy numbers in RED- and SMU1 -silenced cells are expressed as percentages of the ratios measured in control cells 
(black bars: 100%). When indicated, two-way ANOVA was performed to evaluate the effect of siRNA treatment. *: p<0.001; ns: non significant (p> 
0.05). 

doi:l 0.1 371/journal.ppat.1 0041 64.g006 



cloned into the pCI vector (Promega) using Xhol and MM 
restriction sites. Plasmids encoding tlie Gluc2-tagged RED, Nt- 
RED and Ct-RED were obtained by replacing the HA tag with 
the Gluc2 sequence. All constructs were verified by Sanger 
sequencing. The sequences of the oligonucleotides used for 
amplification and sequencing can be provided upon request. 
The pCMV-GFPl-10 plasmid was purchased from Sandia 
Biotech. 
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Figure 7. Effect of RED or SMU1 Icnock-down on the 
accumulation of influenza virus proteins. A549 cells were 
transfected with control non-target (NT), RED (R), or SMUI (S) sIRNAs, 
and were subsequently Infected with the WSN virus at a m.o.i. of 5 pfu/ 
cell. Total cell extracts were prepared at 0, 3, 6 and 9 hours post- 
infection (hpi), loaded on a 4-12% SDS-polyacrylamide gel and 
analyzed by western blotting using antibodies for RED, SMUI, NP, 
NS1, NS2, Ml, M2 and tubulin. The membranes were scanned with a G- 
box (Syngene) and the signals were quantified using GeneTools 
software (Syngene) and normalized with respect to tubulin. For each 
viral protein at each time point, the levels in RED- and SMUI-silenced 
cells relative to control cells (set at an arbitrary value of 1 ) are indicated. 
The NS2/NS1 and M2/M1 ratios are indicated by vertical arrows. 
doi:1 0.1 371/journal.ppat.1 0041 64.g007 



Cells and viruses 

HEK-293T, HEK-293, A549 and BSR cells were grown in 
complete Dulbecco's modified Eagle's medium (DMEM) supple- 
mented with 10% fetal calf serum (FCS). MDCK cells were grown 
in modified Eagle's medium (MEM) supplemented with n'M) FCS. 

Influenza virus A/Paris/908/97 ([P908], H3N2) was isolated at 
the National Influenza Center at the Institut Pasteur (Paris, 
France). The recombinant A/WSN/33 viruses encoding a PB2- 
Strep [33] or a PB2-GFP1I protein [38], have been described 
previously. The recombinant P908-WSN and P9()8-Cstrep-\VSN 
viruses have been described in [34]. VSV (Indiana strain) was 
kindly provided by Olivier Delmas (Institut Pasteur, Paris, France). 
The Adenovirus 5 was kindly provided by Puri Fortes (Uni- 
versidad de Navarra, Pamplona, Spain). 

Protein complementation assays 

The protein complementation assay was performed as described 
in [27]. Briefly, HEK-293T ceUs seeded in 96-wefl white plates 
were co-transfected in triphcates with 100 ng of the recombinant 
p-Gluc2-celIular-ORF plasmids and 25 ng of the expression 
plasmid encoding a polymerase subunit fused to Glucl (pCI- 
PB2-Glucl, pCI-PBl-Glucl or pCI-PA-Glucl). Control ceUs were 
co-transfected either with 100 ng of empty p-Gluc2 and 25 ng of 
pCI-Pol-Glucl plasmids or with 100 ng of p-Gluc2-ceUular-ORF 
and 50 ng of empty p-Glucl plasmids. In some experiments pCI- 
RED expression plasmid was added. The total DNA amount was 
adjusted at 225 ng with pCI plasmid, and transfections were 
performed using polyethylenimine PEI (Polysciences Inc). After 
6 h of incubation, ceUs were lysed with 40 |lL oi Rmilla lysis buffer 
(Promega) and the Gaussia princeps luciferase enzymatic activity was 
measured using the Renilla luciferase assay reagent (Promega) and 
a Berthold Centre XS luminometer. The Normalized Lumines- 
cence Ratios (NLRs) were calculated as follows: the luminescence 
activity measured in cells transfected with the p-Gluc2-cellular- 
ORF plasmid and with tiie PB2-Glucl, PBl -Glucl or PA-Glucl 
plasmid (Arbitrary Units, mean of triplicates), divided by the sum 
of the luminescence activities measured in both control samples as 
described above (Arbitrary Units, mean of triplicates). The NLR 
cut-off value that reduces false positive background below 2.5% 
(NLR = 8) was determined using a random reference set of 1 3 
randomly picked human proteins (APOOL, GYPA, NFE2L1, 
PLEKHA9, NXPHl, CNTN2, DBH, MDPl, GSTTl, DPYSL2, 
UGT3A1, NCRNA00246B, LRRC28), as described in [50]. 

vRNP purification on StrepTactin beads 

HEK-293T (1-2 xlO') cells were infected witii WSN or P908/ 
WSN recombinant viruses at a m.o.i. of 3. Six hours post-infection, 
ceUs were lysed in 0.5 ml of lysis buffer (20 mM MOPS-KOH 
pH 7.4, 120 mM of KCl, 0.5% Igepal), supplemented with 
Complete Protease Inliil)itor Mixture (Roche). Cell lysates were 
processed and incubated wih StrepTactin beads (StrepTactin 
Sepharose High Performance, GE Healthcare) as described in 
[51]. After three washes with 1 ml of lysis buffer, protein 
complexes were eluted from StrepTactin beads with desthiobiotin 
(IBA). Purification samples were either diluted in Laemmli sample 
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Figure 8. Effect of RED knock-down on the subcellular 
localization of NP in influenza virus infected cells. A549 cells 
were transfected with control non-target (NT) or RED siRNAs, and were 
subsequently infected with WSN influenza virus at a m.o.i. of 5 pfu/cell. 
At 5 hpi, cells were fixed, permeabilized, and stained with an antibody 
specific for the NP protein and with Hoechst 33342. Samples were 
analyzed under a fluorescence microscope (Inverted Zeiss Observer Zl ). 
A. Representative images of NP localization. B. Percentage of cells with 
different NP localization. The results of two independent experiments is 
shown, in which 107 and 94 cells (exp #a), and 164 and 115 cells (exp 
#b), were scored for the NT and RED siRNA experimental condition, 
respectively. 

doi:1 0.1 371 /journal. ppat.1 0041 64.g008 

bufTer and analyzed by western-blot, or diluted in Renilla lysis 
buffer (Promega) and submitted to Gaussia princeps luciferase 
enzymatic activity measurement, using the Renilla luciferase assay 
reagent (Promega) and a Berthold Centro XS luminometer. 

siRNA transfection and infection assays 

Small interfering RNAs (siRNAs) targeting RED were pur- 
chased from Dharmacon (ON-TARGETplus SMARTpool or 
individual siRNAs). Non-target siRNA (ON-TARGETplus Non- 
targeting Control pool, Dharmacon) was used as a negative 
control. A549 cells were transfected with 25 nM of siRNA using 
the DharmaFECTl transfection reagent (Dharmacon) and were 
plated in 96-well plates (2x10* cells per well) or in 12-well plates 
(2x10' cells per well). Cell viability was determined by assaying 
total intracellular ATP with the CellTiter-Glo Luminescent 
Viability Assay kit (Promega). Down-regulation of siRNA-targeted 
genes was evaluated by RT-qPCR using Maxima First Strand 
cDNA Synthesis kit and Solaris qPCR Expression Assays and 
Master Mix (Thermo Scientific), or by western blot. For multicycle 



growth assays and single cycle infection assays, cells were infected 
at 36 h post-transfection at a low and a high moi, respectively. 
After 1 h of viral adsorption, the cells were incubated at 37°C in 
DMEM supplemented with 2% FCS. The production of infectious 
virus particles in the culture supernatant (WSN, VSV) or in the 
infected cells (AdV5) was determined using a plaque assay [52] on 
MDCK (WSN) and BSR ceUs (VSV), or an immuno-staining assay 
on HEK-293 ceUs (AdV5) as described [53]. Total cell lysates 
prepared at different time points by direct lysis in Laemmli buffer 
were analyzed by western blotting. 

Antibodies and western blot assays 

Western blots were performed as described earlier [54]. The 
membranes were incubated with primary antibodies directed 
against RED or SMUl (Santa Cruz), A/PR/8/34 virions [55], 
NS 1 (kindly provided by Daniel Marc, INRA-Tours, France), NS2 
(kindly provided by Florence Baudin, EMBL-Heidelberg, Ger- 
many), Ml (clone GA2B, Pierce), M2 (clone 14C2, Pierce), 
GAPDH (Pierce), tubulin (Calbiochem), the HA tag (clone 16B12, 
Covance), the Gaussia luciferase (New England Biolabs), with 
peroxidase-conjugated Streptavidin (IBA) and peroxidase-conju- 
gated secondary antibodies (GE Healthcare), and with the ECL 2 
substrate (Pierce). The membranes were scanned in a G-Box 
(Syngene), the chemUuminescence was acquired and quantified 
with the GeneSnap and GeneTools softwares (SynGene), respec- 
tively. 

Reverse transcription - quantitative PCR assays 

For RT-qPCR analysis of viral mRNAs, infected A549 cells 
were frrst submitted to total RNA extraction, using the RNeasy 
mini kit (Qiagen). Total RNA was resuspended in nuclease-free 
water, and isolation of polyA+ RNAs was performed using the 
Oligotex kit (Qiagen). Total and polyA+ RNAs were quantified by 
measuring the absorbance at 260 nm with the NanoDrop Lite 
(Thermo Scientific). The polyA+ RNA fractions represented about 
10% of the amounts of total RNA. Reverse transcription was 
performed on 20 ng of polyA+ RNA, using the Maxima First 
Strand cDNA Synthesis kit which includes a mixture of oligo-dT 
and random hexamer primers (Thermo Scientific), in a final 
volume of 20 |a.l. Negatives controls, i.e. reactions set up in the 
absence of the reverse transcriptase enzyme, were run concur- 
rently for all samples. Real-time PCR was performed on 2 |J.l of a 
1:10 dilution of the reverse-transcription reaction, using the Solaris 
qPCR Master Mix (Thermo Scientific), sets of primers and probe 
as provided in the Solaris qPCR Gene Expression Assays (Thermo 
Scientific), and a Light Cycler 480 (Roche). For GAPDH, RED 
and SMUl transcripts, primers and probes were designed and 
inventoried by Thermo Scientific. For Ml, M2, NSl and NS2 
transcripts, specific primers and probes were designed by us using 
the CLC Main Workbench 6.8.3 and primerS softwares and were 
made to order. The corresponding sequences are indicated in 
Methods S 1 . The qPCR protocol consisted of an initial activation 
step of 15 min at 95°C, 45 amplification cycles with 15 sec at 
95°C/30 sec at 55°C/30 sec at 60°C and a final cooling step of 
30 sec at 40°C. The cycle thresholds (Ct) were determined by 
second derivative quantification using the analytical LightCycler 
480 Software, release 1.5 (Roche). The Ct were either analyzed 
using the AACt method [56] or converted into numbers of cDNA 
copies using the standard curve method. In the latter case, the 
calibration curves were based on serial dilutions of a pDON223- 
GAPDH plasmid (Human ORFeome resource) or of pUC57 
plasmids containing synthetic sequences corresponding to the Ml, 
M2, NSl and NS2 cDNAs (GenScript). These calibration curves 
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were also used to assess the specificity of each set of primers and 
probe. 

Indirect immunofluorescence assays 

A549-GFP1-10 or A549 cells on coverslips were infected with 
the rWSN-PB2-GFPl 1 or rWSN recombinant virus, respec- 
tively, at a m.o.i. of 5 pfu/ceU, incubated with DMEM 
supplemented with 2% FCS for 0-9 hours, fixed with PBS- 
4% paraformaldehyde for 20 min, and permeabilized with 
PBS-0.1% Triton XlOO for 10 min. A549-GFP1-10 cells were 
incubated with a mixture of anti-RED and anti-SMUl 
antibodies (Santa Cruz, diluted 1/50), and then with a mixture 
of DyeLight633-coupled anti-rabbit and DyeLight.^50 anti- 
mouse IgG secondary antibodies (Pierce, diluted 1/500) with 
Hoechst 33342 (Invitrogen, diluted to 1 |J.g/ml). A549 cells 
were incubated with a mixture of anti-RED and anti-NP 
(Argene, diluted 1/200) antibodies, and then with a mixture of 
AF555-coupled anti-rabbit and AF488 anti-mouse IgG second- 
ary antibody (Invitrogen, diluted 1/500) with Hoechst 33342. 
HEK-293T cells on poly-D-lysine coated coverslips were co- 
transfected with 1 |j.g of pCMV-GFPl-10 and 1 |Xg of the pCI- 
mCherry-RED, pCTmCherry or control pCI plasmid using the 
Fugene-HD transfection reagent. At 24 hours post-transfection, 
they were infected with the rWSN-PB2-GFPl 1 recombinant 
virus at a m.o.i. of 5 pfu/cell, incubated with DMEM 
supplemented with 2% FCS for 6 hours, fixed with PBS-4% 
paraformaldehyde for 20 min, and stained with Hoechst 33342. 
The samples were mounted in ProLong Gold mounting 
medium (Invitrogen) and analyzed under a fluorescence 
microscope (Inverted Zeiss Observer Zl with HBO lamp used 
at 50% level) using x40 and x63 oil immersion objective lenses. 
Images were acquired with an AxioCam MRm camera and the 
Axiovision 4.6.3 software (Zeiss) before being exported as .tif 
files. 

Supporting Information 

Figure SI Co-purificadon of RED and SMUl with P908 
virus polymerase in infected cells. A. Co-purification of the 

endogenous RED and SMUl proteins with the viral polymerase 
in infected c:ells. HEK-293T cells were- infected at a m.o.i. of 5 
with recombinant P9()8-\VSN (\V) or P908-Cstrep-WSN (S) 
viruses and incubated at 37°C for 6 hours. Whole-cell lysates 
were prepared and a fraction was incubated with StrepTactin 
beads as described in Material and Methods. Protein complexes 
were eluted, loaded on a 4-12% SDS-polyacrylamide gel and 
analyzed by western blotting using either StrepTactin to dct(;ct 
the PB2-Strep protein (upper panel) or an antibody specific for 
the RED or SMUl protein (middle and lower panels). * and ** : 
non-specific detection of the PB2 and NP protein, respectively, as 
inferred from previous experiments [33]. B. Co-purification of 
the \'iral polymerase and recombinant, HA-tagged polypeptides 
corresponding to full-length or truncated forms of the RED 
protein. HEK-293T cells were transfected with the HA-RED, 
HA-Nt-RED or HA-Ct-RED expression plasmids, or mock- 
transfected with the pCI plasmid (— ). 24 hours post-transfection, 
they were infected at a m.o.i. of 5 with recombinant P908-WSN 
(W) or P908-Cstrep-WSN (S) viruses and incubated at 37°C for 
6 hours. Whole-cell lysates were prc-pared and a fraction was 
incubated with StrepTactin beads as described in Material and 
Methods. Protein complexes were eluted, loaded on a 4—12% 
SDS-polyacrylamide gel and analyzed by western blotting using 
either StrepTactin to detect the PB2-Strep protein (upper panel) 
or a monoclonal antibody specific for the HA tag (lower panel). 



**: non-specific detection of the NP protein, as inferred from 
western blot analysis using an anti-NP antibody. The bands 
detected in the PB2-Strep panel at 70 kD and the faster migrating 
band (present only in lysates) were also detected in mock-infected 
cells (data not shown). 
(TIF) 

Figure S2 Immunofluorescence detection of RED and 
SMUl in A549 ceUs treated with RED or SMUl siRNAs. 

A549 cells were transfected with control non-target (NT), RED, or 
SMUl siRNAs. At 41 hours post-transfection, cells were fixed, 
permeabilized, and stained with Hoechst 33342 and with an 
antibody specific for the RED (upper panels) or SMUl protein 
(lower panels). Samples were analyzed under a fluorescence 
microscope (Inverted Zeiss Observer Zl). 
(TIF) 

Figure S3 Relocalisation of PB2 with over-expressed 
mCherry-RED in infected ceUs. HEK-293T cells on 
covershps were transfected with the pCMV-GFPl-10 plasmid 
together with the pCTmCherry-RED, pCTmCherry or control 

pCI plasmid, as indicated. At 24 hours post-transfection, they 
were infected with the rWSN (PB2-wt) or rWSN-PB2-GFPl 1 
(PB2-GFP1 1) recombinant virus at a m.o.i. of 5 pfu/cell, or mock- 
infected. Cells were fixed at 6 hpi and they were stained with 
Hoechst 33342. Samples were analyzed under a fluorescence 
microscope (Inverted Zeiss Observer Zl). A merge of the signals 
corresponding to Hoechst-stained DNA (blue), PB2-GFPcomp 
(green) and mCherry-RED (red) is shown. A scale bar is shown. 
(TIF) 

Figure S4 Quantification of RED and SMUl mRNAs 
upon treatment of A549 cells with RED or SMUl siRNAs. 

A549 cells were transfected with control siRNAs (NT), or with 
pools of four RED or SMUl siRNAs. Total RNA was prepared at 
36 hours post-transfection, polyA-l- RNAs were isolated, and RT- 
qPCR was performed using primers and probes specific for RED 
or SMUl. The levels of RED and SMUl mRNAs in RED /SMUl 
siRNA-treated cells compared to control cells were determined 
using the AACt method. The data are expressed as the mean -v/ — 
SD of quadruplicates. 
(TIF) 

Figure S5 Effect of RED knock-down on the subceUular 
localisation of NP in P908-WSN influenza virus infected 
ceUs. A549 cells were transfected with control non-target (NT) or 
RED siRNAs, and were subsequentiy infected with the P908- 
WSN influenza virus at a m.o.i. of 5 pfu/ cell. At 5 hpi, cells were 
fixed, permeabilized, and stained with an antibody specific for the 
NP protein and with Hoechst 33324. Samples were analyzed 
under a fluorescence microscope (Inverted Zeiss Observer Zl). A. 
Representative images of NP localization. B. Percentage of cells 
with different NP localization, based on the scoring of 145 and 132 
cells for the NT and RED siRNA experimental condition, 
respectively. 
(TIF) 

Methods SI Supporting information is provided on the 
yeast two-hybrid-plus-one assay, indirect immunofluo- 
rescence assays and reverse transcription-quantitative 

PGR assays. 

(DOCX) 

Table SI Viral-human protein-protein interactions de- 
tected in the yeast two-hybrid-plus-one and the yeast 
two-hybrid assays. 

PCLSX) 
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